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Collective T=0 pairing in N=Z nuclei?
Pairing vibrations around 56Ni revisited.
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(September 9, 2018)
We present a new analysis of the pairing vibrations around 56Ni, with emphasis on odd-odd nuclei.
This analysis of the experimental excitation energies is based on the subtraction of average properties
that include the full symmetry energy together with the volume, surface, and Coulomb terms. The
results clearly indicate a collective behavior of the isovector pairing vibrations and do not support
any appreciable collectivity in the isoscalar channel.
Driven by recent advances in experimental techniques
and the new possibilities that will become available with
radioactive beams, we are witnessing a revival of nuclear
structure studies along the N = Z line. Of particular
interest in these nuclei is the role played by the isoscalar
(T = 0) and isovector (T = 1) pairing correlations. Given
the charge independence of the nuclear force, we expect
to observe the effects of the standard T = 1 pairing on an
equal footing between the Tz = 0 (np) and |Tz| = 1 (nn
and pp) components. In addition, we have the unique
possibility of studying the formation of a condensate of
T = 0 np Cooper pairs.
To address some of these interesting questions we ana-
lyzed, in a recent work [1], the experimental binding ener-
gies of nuclei along the N = Z line with emphasis on the
lowest T = 0 and T = 1 states in self-conjugate odd-odd
nuclei. Our analysis indicates that the odd-odd T = 1
states are as bound as the ground-state in their even-even
neighbors, and this can be interpreted as a consequence
of full isovector pairing [1,2]. The odd-odd T = 0 states
were found to be less bound than the even-even neighbors
by an energy 2∆T=1 ≈ 2(12MeV/
√
A) which amounts to
the blocking of the T = 1 correlations. This result not
only suggests that the T = 0 states behave like any other
odd-odd nucleus ground state (Tz 6= 0) in the nuclear
chart, but also leaves no room to support the existence
of an isoscalar pair condensate [1].
Near closed shells, the strength of the pairing force
relative to the single-particle level-spacing is expected to
be less than the critical value needed to obtain a super-
conducting solution, and the pairing field then gives rise
to a collective phonon [3]. Transfer reactions provide a
characteristic fingerprint for the collectivity of this ele-
mentary mode of excitation which has been studied in
detail around 208Pb [3,4].
In 1969, A.Bohr [5] discussed the general properties
expected for a full ( nn, pp and np components) T = 1
pairing phonon (appropriate for the region around 56Ni).
Already then, the evidence (including both energetics
and transfer data) [6] was compelling regarding the ma-
jor role played by the T = 1 pairing in N = Z nuclei.
These ideas were further developed by Be`s and Broglia
and culminated in the review article [7], where a very
detailed analysis of isovector pairing vibrations was pre-
sented. The role of T = 0 collective pairing, however,
still remained unclear.
A question then arises naturally: is it possible that,
although an isoscalar pair condensate does not seem to
form, T = 0 collective effects may manifest themselves as
a vibrational phonon? With this in mind, we present in
this letter a re-analysis of the excitation spectrum around
the doubly closed-shell N = Z nucleus 56Ni. Following
our work on binding energy differences we put an em-
phasis on the states in odd-odd nuclei, and pay partic-
ular attention to the subtraction of the full symmetry
energy as an integral part of the average properties that
include volume, surface, and Coulomb terms. As we will
show, the experimental data do not support any marked
collectivity in the T = 0 channel.
Let us start by discussing the nature of the excitation
spectra arising from competing isovector and isoscalar
pairing interactions, within the framework of two equally
degenerate (degeneracy Ω) single-l shells (labelled 1 and
2) separated by an energy ǫ [8–10]. In this model one
considers (T = 1, L = 0, S = 0) nn, np, and pp pairs as
well as (T = 0, L = 0, S = 1) np pairs as illustrated in
Fig. 1. The Hamiltonian then involves the scattering of
these pairs between the shells
H =
ǫ
2
(N2 −N1)
−G1
∑
µ
(P †µ(1) + P
†
µ(2))(Pµ(1) + Pµ(2))
−G0
∑
m
(D†m(1) +D
†
m(2))(Dm(1) +Dm(2)) (1)
where N1,2 are the numbers of particles in each shell; P
†
refers to the isovector pair creation operator with isospin
projection µ and D† to isoscalar, “deuteron-like”, pairs
with spin projections m. Here we are interested in the
case where the lowest shell is full, representing the dou-
bly magic nucleus, and both pairing strengths (G1,0) are
small compared to the single-particle level spacing (ǫ).
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FIG. 1. Schematic representation of the nuclear Cooper
pairs taking part in the pairing correlations discussed in the
text
The collective excitations are then expected to have a
phonon-like spectrum. In the harmonic approximation
we have an isovector (T = 1, S = 0) and an isoscalar
(T = 0, S = 1) phonon both of the addition (A→ A+2)
and removal (A → A − 2) types, which are the building
blocks to generate the multi-phonon spectra around the
doubly magic nucleus. The random-phase approximation
(RPA) gives for the frequency of these modes [10]
h¯ω1,0 = ǫ(1−X1,0)1/2 (2)
with
X1,0 = 2G1,0Ω/ǫ = G1,0/Gcrit
where the larger X is, the stronger the correlations. In
fact, for X ∼ 1 the RPA solution breaks down as the
system develops a superconducting phase. A qualita-
tive spectrum∗ corresponding with up to two addition
phonons around a closed-shell reference nucleus is shown
in Fig. 2. In this example we have assumed that
h¯ω1 < h¯ω0. The different isospin projections of the
isovector addition phonon, µ = (−1, 0, 1), correspond to
the addition of (pp, np, nn) pairs respectively. They give
∗It is important to note that this spectrum does not include
volume, surface, and in particular Coulomb and symmetry
effects. These should be considered before a comparison with
experiment can be made, and we will do so in the analysis of
the data.
rise to the isobaric analog multiplet of mass A + 2, and
angular momentum J = 0 at an energy h¯ω1. In addition,
the isoscalar phonon is the J = 1 state in the odd-odd
A+2 nucleus. In going to A+4 nuclei, the two isovector-
phonon states give rise to the T = 2 isobaric multiplet
as well as a T = 0 state in the N = Z even-even nuclei,
all at an energy of 2h¯ω1. A T = 1, J = 1 isobaric mul-
tiplet at h¯ω1 + h¯ω0 is obtained by adding one phonon
of each kind. Finally, the two isoscalar-phonons give a
T = 0, J = 0 and a T = 0, J = 2 state in the N = Z,
A+ 4 even-even nucleus at 2h¯ω0.
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FIG. 2. Schematic diagram showing the harmonic spec-
tra for one and two isovector (T = 1, S = 0) and isoscalar
(T = 0, S = 1) phonons of energies h¯ω1 and h¯ω0 respectively.
The example corresponds to the addition mode on the dou-
bly magic A(T = 0, Tz = 0) nucleus. Levels in grey are in
odd-odd nuclei.
We now proceed to analyze the experimental data. We
will use 56Ni as our reference and consider only even A
(even-even or odd-odd) nuclei. The excitation energy of
a state of isospin T in a given nucleus A,Z is obtained
from
Ex(A, T, Tz) = BEexp − Surf(A)− Coul(A, Tz)
−Sym(A, T )− λ(A − 56)− E0 (3)
In this equation BEexp includes both the ground-state
binding energies from [11] and, if applicable, the rela-
tive excitation energy of the state under consideration
from [12]. We use for the surface energy Surf(A) =
−17.3MeVA2/3, for the Coulomb term Coul(A) =
−0.65MeV(A/2 − Tz)2/A1/3 and the symmetry energy
Sym(A, T ) = −75MeVT (T + 1)/A [1,13]. The volume
term enters through the coefficient λ = 15.55MeV which
2
is adjusted to give the same frequency for the addition
and removal phonons [5] and, equivalently, sets the Fermi
surface in the middle of the N = Z = 28 shell gap around
56Ni. Finally, E0 is chosen such that Ex(56, 0, 0) = 0.
The subtraction of average properties (including an av-
erage symmetry term) leaves, in principle, only those ef-
fects associated with pairing and shell structure [14] and
can be compared directly with the harmonic spectrum
discussed above and shown in Fig. 2. In other words, one
expects that two-body correlations beyond the mean-field
will survive the subtraction procedure and will generate
an excitation spectra whose properties can be, at least
qualitatively, explained by the Hamiltonian in Eq. (1).
Our method differs slightly from that of Refs. [3,5],
mainly in the subtraction of the full symmetry energy
term. We thus checked the procedure for nuclei around
208Pb and obtained for the neutron pairing vibrational
phonon h¯ω ≈ 2.3MeV, in good agreement with the anal-
ysis presented in [4]. The results are shown in Fig. 3
where the spectrum obtained following our prescription
(thick lines) is compared with that of Ref. [4] (thin lines)
and the harmonic approximation (dashed lines). It seems
that removing the symmetry term produces a spectrum
which shows less anharmonicities.
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FIG. 3. Experimental excitation spectrum for addition
and removal phonons around 208Pb. The excitation energies
of the ground states in even-even Pb isotopes derived from
Eq. (3) are shown by the thick lines, those derived following
[4] by the thin lines and the harmonic approximation by the
dashed lines.
We now turn our attention to the detailed experimen-
tal structure of one and two addition phonons on 56Ni,
shown in Fig. 4 . In order to make the discussion clearer,
the additional labels used in the figure correspond to the
numbers of (pp, np, nn) pairs. Obviously, 56Ni is (0, 0, 0)
and, for example, the ground state of 60Ni with T = 2,
having two more nn pairs is labelled as (0, 0, 2). One
immediately realizes the similarity of this spectrum with
that of Fig. 2. For the T = 1 channel notice the “almost”
degenerate energies of the A = 58 isobaric multiplet, as it
should be since they correspond to the different isospin
projections of the same phonon. The average of those
energies gives the frequency of the T = 1 phonon, i.e.
h¯ω1 ≈ 1.5MeV. With a typical single-particle level spac-
ing energy ǫ ≈ 4 − 5MeV in this region we obtain from
Eq. 2 a qualitative estimate of G1/Gcrit ≈ 0.9 suggesting
a strong collective character of the vibration.
What about the T = 0 channel? In this simple picture,
the lowest T = 0 state in 58Cu is obtained from 56Ni by
the addition of the isoscalar (T = 0, S = 1) phonon, and
therefore defines the frequency for this mode. It is obvi-
ous by simple inspection of the data that this excitation is
much higher than for T = 1. In terms of the phonon pic-
ture, h¯ω0 ≈ 4MeV, which translates into G0/Gcrit <∼ 0.2
and implies, in contrast to the T = 1 case, very weak (if
any) collective correlations for T = 0 pairing. In fact,
this small lowering of the energy of the T = 0 state with
respect to the single-particle excitation, can be accounted
for by a residual np diagonal interaction, ∼ 20MeV/A,
rather than any collective effect.
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FIG. 4. Experimental excitation spectrum for addition
phonons around 56Ni. The excitation energies are derived
from Eq. (3). Members of an isobaric multiplet are joined by
thin lines. This figure can be directly compared with Fig. 2 .
The two-phonon states can now be interpreted in a
similar way. The T = 2 ground state of 60Ni is natu-
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TABLE I. Properties of pairing vibrational phonons.
Closed Shells h¯ω ǫ a G/Gcrit 1/A
1/3 b
Nucleus (MeV) (MeV)
40Ca 0.8 (T = 1) 5-6 ∼ 1 1
4.9 (T = 0) ∼ 0.2
56Ni 1.5 (T = 1) 4-5 ∼ 0.9 0.89
4.0 (T = 0) ∼ 0.2
208Pb 2.3 (neutrons) 3-4 ∼ 0.55 0.58
afrom Ref. [16].
bNormalized to 1 for 40Ca
rally (0, 0, 2). In the odd-odd 60Cu the (0, 1, 1) compo-
nent corresponds to an excited J = 0, T = 2 state (2536
keV) that appears at the expected energy 2h¯ω1 ≈ 3MeV
once the average properties (particularly the symmetry
energy term) are subtracted. The T = 1 ground state
in 60Cu is interpreted in this scenario as the Tz = 1
member of the isobaric multiplet obtained by the cou-
pling of a (T = 0, S = 1) and a (T = 1, S = 0) phonon,
at an energy h¯ω0 + h¯ω1 ≈ 5.5MeV. For N = Z, the
T = 0, J = 0 ground state in 60Zn is obtained by a mix-
ture of the (1, 0, 1) and (0, 2, 0) components (resulting in
an equal number of nn, np and pp pairs). A T = 2, J = 0
state at an excitation energy of 7380 keV from the ground
state can be associated with the Tz = 0 member of the
T = 2 multiplet, again, once the average properties are
subtracted. Likewise, a T = 1 state at 4913 keV (isobaric
analog of the 60Cu ground state) can be interpreted as
the Tz = 0 member of the T = 1 multiplet mentioned
above. As discussed earlier, the T = 0, J = 0 state ob-
tained by the addition of two isoscalar phonons should
lie at 2h¯ω0 ≈ 8MeV. Its relative excitation energy with
respect to the ground state (∼ 5MeV) is so large that
it seems unlikely that it will mix with the (two T = 1
phonons) ground state.
A summary of the basic properties of the pairing
phonons is given in Table I, including the region around
40Ca where a similar behavior is observed. The pairing
strength should follow a 1/A dependence and Gcrit =
ǫ/Ω ∼ (1/A1/3)/A1/3 ∼ 1/A2/3, therefore G/Gcrit ∼
1/A1/3. It is interesting to note that the data in Table I
seem to follow this mass scaling, thus indicating the same
physical mechanism in the different mass regions.
For the purpose of this letter we have only presented
the results for two addition phonons. However, the same
picture emerges as one considers more nuclei beyond 56Ni
(and 40Ca). The rather soft character of the isovector ad-
dition and removal modes, having G1 ∼ Gcrit, strongly
suggests the possibility for the multi-phonon system to
develop a permanent deformation in gauge space. On the
contrary, the isocalar excitations reflect a weak (if any)
collectivity , G0/Gcrit << 1, and more likely a single-
particle nature. Based on these observations, one envi-
sions a coupling scheme whereby the ground state of any
even-even nucleus is a correlated state of T = 1 pairs
maximally aligned in isospace, i.e. |A, (T = |Tz|), Tz >.
In the neighboring odd-odd systems we have: i) the
|A±2, (T = |Tz|+1), Tz > state with one extra np(T = 1)
pair and the same pairing correlation properties as the
even-even core and ii) the |A ± 2, (T = |Tz|), Tz >=
|A, (T = |Tz|), Tz > ⊗ np(T = 0) state that is of a single-
particle type of coupling. Due to the predominance of
the symmetry term, it is the latter state that is favored
as the ground state of odd-odd nuclei in spite of the ex-
tra pairing correlations in the former. Only in heavier
(A ≥ 40) N = Z odd-odd nuclei, where 2∆T=1 ∼ Sym,
a competition between the two is observed [1,2,15].
Finally, it is interesting to consider why for T = 0
we have G0/Gcrit << 1 in spite of the fact that the
nucleon-nucleon interaction is actually stronger in this
channel. Plausible arguments can be given based on the
schematic model discussed above. Collective effects arise
as a competition between the strength G, the single-
particle energy scale ǫ, and the available phase space
Ω; this can be expressed in terms of a critical value of
the interaction, ǫ/2Ω. Due to the spin-orbit force, the
(T = 0, L = 0, S = 1) pairs require an extra energy, with
respect to the (T = 1, L = 0, S = 0) pairs, of the order
of the spin-orbit splitting which takes over around mass
20. Therefore, one is left, in the more appropriate jj
coupling scheme, with J = 1 or J = jmax pairs as the
most favorable ones. In the former, it is possible that a
combination of both a smaller G due to a reduced spatial
overlap, and a smaller degeneracy may hinder the forma-
tion of a collective state . In the latter, it is clear that
the phase space is drastically reduced and therefore Gcrit
becomes very large.
In conclusion, we have re-visited the pairing vibrations
around 56Ni. Our analysis, built upon the work of Be`s
et al., takes into account the full symmetry energy term
and provides a natural comparison between the T = 0
and T = 1 pairing correlations. The results not only
confirm the collective behavior of the isovector pairing
vibrations but indicate a single-particle character for the
isoscalar channel.
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